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2-Methyl-3-buten-2-ol (MBO) is an important biogenic
hydrocarbon emitted in large quantities by pine forests.
Atmospheric photooxidation of MBO is known to lead to
oxygenated compounds, such as glycolaldehyde, which is the
precursor to glyoxal. Recent studies have shown that the
reactive uptake of glyoxal onto aqueous particles can lead to
formation of secondary organic aerosol (SOA). In this work,
MBO photooxidation under high- and low-NOx conditions was
performed in dual laboratory chambers to quantify the yield
of glyoxal and investigate the potential for SOA formation. The
yields of glycolaldehyde and 2-hydroxy-2-methylpropanal
(HMPR), fragmentation products of MBO photooxidation, were
observed to be lower at lower NOx concentrations. Overall,
the glyoxal yield fromMBO photooxidation was 25% under high-
NOx and 4% under low-NOx conditions. In the presence of
wet ammonium sulfate seed and under high-NOx conditions,
glyoxaluptakeandSOAformationwerenotobservedconclusively,
due to relatively low (<30 ppb) glyoxal concentrations. Slight
aerosol formationwasobservedunder low-NOxanddryconditions,
with aerosol mass yields on the order of 0.1%. The small
amount of SOA was not related to glyoxal uptake, but is likely
a result of reactions similar to those that generate isoprene
SOA under low-NOx conditions. The difference in aerosol yields
between MBO and isoprene photooxidation under low-NOx
conditions is consistent with the difference in vapor pressures
between triols (from MBO) and tetrols (from isoprene).
Despite its structural similarity to isoprene, photooxidation of
MBO is not expected to make a significant contribution to SOA
formation.
Introduction
Large quantities of biogenic volatile organic compounds
(BVOCs) are emitted into the atmosphere and have been
linked to production of tropospheric ozone and formation
of secondary organic aerosol (SOA) (1, 2). While much of the
study on the atmospheric chemistry of BVOCs has focused
on isoprene and monoterpenes because of their abundant
emissions (3), it has been demonstrated that local photo-
chemistry involving oxygenated species, such as 2-methyl-
3-buten-2-ol (MBO, CH3-C(OH)(CH3)sCH)CH2), can be
important (4). MBO, which is structurally similar to isoprene,
is emitted in large quantities by a few specific species of pine
(5-7). Up to 6 ppb of MBO has been measured in pine forests
(4); in some cases, local mixing ratios of MBO can exceed
those of isoprene by a factor of 6-8 (5). Estimates of global
MBO and isoprene emissions are 9.6 and 430 Tg per year,
respectively (8, 9). Although global emissions of MBO are
small compared to those of isoprene, MBO can affect local
production of ozone and HOx radicals in forested areas (10).
The principal atmospheric sink of MBO is reaction with
OH radicals, the major products of which include acetone,
glycolaldehyde, 2-hydroxy-2-methylpropanal (HMPR), and
formaldehyde (11-15). Further reaction of glycolaldehyde
leads to formation of glyoxal (16-19), which has also been
shown to be reactively taken up onto aqueous particles and
contribute to SOA growth (20-23). Previous product studies
have shown that photooxidation of MBO yields ∼60%
glycolaldehyde under high-NOx conditions (12-15). Under
low-NOx conditions, published glycolaldehyde yields vary
between 28% and 79% (11, 15).
Slight aerosol formation has been observed from reactions
of MBO with O3 (15) and NO3 (24), with aerosol yields (mass
of SOA per mass of MBO reacted) less than 1%. In one study,
photooxidation of MBO under high-NOx conditions did not
result in SOA formation (16). In each of these studies,
inorganic seed particles were not present to promote
condensation of semivolatile compounds, which might have
led to underestimation of SOA formation as compared to
ambient conditions (25). Photooxidation of isoprene pro-
duces C5-tetrols, which are found in both field and chamber
samples (26-29), and can react heterogeneously to form
oligomers (26) or sulfate esters (30). MBO is structurally
similar to isoprene, but the extent to which MBO photo-
oxidation leads to SOA growth is uncertain. Therefore, in
addition to quantifying the yields of glycolaldehyde and
glyoxal from MBO photooxidation under high- and low-NOx
conditions, another goal of this study is to evaluate the
potential for SOA formation from photooxidation of MBO.
Experimental Section
Experiments were carried out in the Caltech indoor dual
28-m3 Teflon chambers, described in detail previously (31,32).
A summary of the experimental conditions is given in Table
1. In Experiments 1 and 2, the rates of glyoxal photolysis and
OH reaction were measured. Glyoxal was prepared using the
method described in Kroll et al. (21). Cyclohexane (EMD,
Omnisolv) was added to act as an OH scavenger during glyoxal
photolysis (Experiment 1), or as a reference compound to
determine the rate constant of the glyoxal-OH reaction
(Experiment 2).
In Experiment 2, photolysis of nitrous acid (HONO) was
used as the OH precursor, prepared by adding 1 wt% aqueous
NaNO2 dropwise into 10 wt% sulfuric acid, and introduced
into the chamber using an air stream.
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Photooxidation of MBO was carried out under high- and
low-NOx conditions. While MBO is typically not emitted in
areas with high NOx concentrations, a higher glyoxal yield
is expected, making it easier to study glyoxal uptake on
aerosol. In the high-NOx experiments (Experiments 3-5),
HONO was used as the OH precursor. A known volume of
liquid MBO (Aldrich, 98%) was first injected into a glass bulb
and vaporized into the chamber. HONO was then introduced
as described in the previous section. The amount of HONO
introduced was between 175 and 310 ppb. Additional NO
(Scott Marrin, Inc.) was added such that the total measured
NOx concentration was ∼900 ppb. 10% of the available
blacklights were used to irradiate the chambers and initiate
photooxidation. For low-NOx experiments (Experiments 6
and 7), H2O2 served as the OH precursor. Prior to injection
of MBO, H2O2 was introduced by bubbling air through an
aqueous H2O2 solution (Fluka). 50% of the blacklights were
used owing to the relatively weak absorption of H2O2 with
these blacklights. During irradiation, reactants (MBO and
OH precursors) were not added over the course of the
experiment. In Experiments 5-7, seed particles were intro-
duced into the chamber to act as a condensation substrate;
this addition was achieved by atomization of a dilute
(0.015-0.03 M) aqueous ammonium sulfate solution using
a constant rate atomizer. In Experiment 5, the chamber was
humidified (RH ) 66%) by passing air through two large
water bubblers in series, one of which was heated to ∼30 °C.
Concentrations of MBO and cyclohexane were monitored
using gas-chromatograph with flame ionization detector (GC-
FID, Agilent 6890N). A custom modified Varian 1200 chemical
ionization mass spectrometer (CIMS) was used to monitor
the concentrations of various gas-phase species (33). In brief,
the reagent ion CF3O- clusters with protonated compounds,
forming ions at m/z MW + 85 (HX•CF3O-), or, with more
acidic species, at m/z MW + 19 (HF•X-). As a calibration
standard for glycolaldehyde (m/z 145), a dilute solution of
glycolaldehyde dimer (Aldrich, g98%) in methanol was
vaporized into a 60-L FEP Teflon bag. The sensitivities of the
CIMS instrument to HMPR (m/z 173), dihydroxynitrate
(fragments at m/z 184, 230, 250), and C5-triol (m/z 205)
relative to glycolaldehyde are assumed to be equal to their
relative rates of collision with the CF3O- ion (34), and their
dipole moments and polarizabilities were estimated with
the B3LYP/6-31G(d) method. The uncertainty in this cal-
culation is assumed to be 20%.
Gas-phase glyoxal was detected via laser-induced phos-
phorescence (LIP) using the University of Wisconsin -
Madison LIP Instrument (35). This instrument utilizes a
White-type multipass cell with gated photon counting. The
technique is highly sensitive, permitting specific, direct, in
situ measurement of glyoxal with a 1-min limit of detection
of 12 pptv. For the high glyoxal concentrations typical of
chamber studies a 2 rather than 32 multipass configuration
was used to ensure that photon counting rates stayed within
the linear detector response range.
The aerosol size distribution, number concentration, and
volume concentration were measured using a differential
mobility analyzer (DMA, TSI 3081) coupled with a conden-
sation nucleus counter (CPC, TSI 3760). The aerosol volume
was corrected for wall loss by applying size-dependent
coefficients determined from inert particle wall loss experi-
ments (32). An Aerodyne high-resolution time-of-flight
aerosol mass spectrometer (ToF-AMS) was used to obtain
real-time aerosol mass spectra (36). Temperature, relative
humidity, O3, NO, and NOxwere also continuously monitored.
TABLE 1. Experimental Conditions
compound initial conc (ppb) OH source lights initial NO (ppb)
seed conca
(µm3 cm-3) T (K) RH (%)
1 glyoxal 640 none 50% <2 0 298 3
2 glyoxal 735 HONO 10% 283 0 294 5
3 MBO 288 HONO 10% 304 0 295 4
4 MBO 255 HONO 10% 422 13 295 4
5 MBO 239 HONO 10% 539 68 293 66
n/a blank HONO 10% 635 63 294 60
6 MBO 299 H2O2 50% <2 14 298 6
7 MBO 289 H2O2 50% <2 17 298 6
a Ammonium sulfate seed.
FIGURE 1. Time profiles of MBO (blue), glycolaldehyde (red),
HMPR (green), and glyoxal (black) in (a) Experiment 4
(high-NOx) and (b) Experiment 6 (low-NOx). Markers represent
experimental data points, and lines represent best fits (see
Table 2).
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Results
MBO Photooxidation. Figure 1a shows the time evolution
of MBO, glycolaldehyde, HMPR, and glyoxal in a typical high-
NOx photooxidation experiment. MBO decay was rapid in
the first 2 h, but slowed after HONO was depleted. The
reaction profile of MBO photooxidation under low-NOx
conditions is shown in Figure 1b. The photolysis of H2O2 is
much slower than that of HONO, resulting in a slower decay
of MBO.
The molar yields of glycolaldehyde (Rglyc), HMPR (RHMPR),
dihydroxynitrate (Rnitrate), and C5-triol (Rtriol) from MBO, and
the molar yield of glyoxal from glycolaldehyde (Rgly) are
summarized in Table 2. The observed product concentrations
of glycolaldehyde and HMPR were corrected for further
reaction with OH radicals. The glyoxal concentrations were
corrected for photolysis and OH reaction. The photolysis
rate constant of glyoxal was determined from Experiment 1
to be 0.034 h-1 with 10% lights, and 0.17 h-1 with 50% lights.
The OH rate constant of glyoxal was measured in Experiment
2 to be 1.25 × 10-11 cm3 molec-1 s-1. In Experiment 7, because
glycolaldehyde measurements were not available, Rglyc was
instead estimated from glyoxal and MBO measurements,
assuming a value of 0.26 for Rgly.
Experimental protocols were varied to confirm the yields.
In Experiment 5, the lights were turned off after 10 min of
irradiation. The concentrations of MBO and glycolaldehyde
were allowed to stabilize before irradiation resumed. 56 ppb
of MBO was consumed, forming 38 ppb of glycolaldehyde,
20 ppb of HMPR, and a negligible amount (0.6 ppb) of glyoxal.
This implies a glycolaldehyde yield of 68% and an HMPR
yield of 36%. In Experiment 4, after HONO was depleted, the
concentrations of all species remained stable for >1 h. More
HONO was added, and glyoxal increased by 7 ppb. Simul-
taneously, a decrease of 28 ppb of glycolaldehyde was
observed. Combining this net decrease with a glycolaldehyde
source of ∼7 ppb from oxidation of the remaining MBO (11
ppb MBO reacted × 68% glycolaldehyde yield) leads to an
inferred total of 35 ppb glycolaldehyde reacted.Rgly is therefore
determined to be 20%, not correcting for photochemical loss
of glyoxal.
Secondary Organic Aerosol Formation. A blank experi-
ment was first performed under high-NOx and humid
conditions in the absence of MBO. The background level of
organic growth observed by the AMS was found to be 0.1 µg
m-3. The measured SOA volume concentration and organic
mass concentration for each experiment are also listed in
Table 2. There was no discernible change in aerosol volume
in all high-NOx experiments. In low-NOx photooxidation of
MBO, the amount of SOA growth reached a maximum after
3 h of irradiation and then decreased significantly. This loss
of SOA was not a result of particle wall deposition, as the
organic/sulfate ratio displayed a similar trend (see Figure 2).
Discussion
Gas-Phase Mechanism of MBO Photooxidation. Figure 3
shows the oxidation mechanism of MBO (11-15). Glycola-
ldehyde is a product of OH addition to the 4-position to form
the peroxy radical, followed by formation of the alkoxy radical
and decomposition. Under high-NOx conditions, as MBO is
oxidized, RO2 and HO2 radicals react rapidly with NO to
produce NO2, which photolyzes to form O3. The concentration
of O3 increased to a maximum of 70 ppb after 6 h, at which
point the rate of MBO ozonolysis became comparable to
that of photooxidation (37). The ozonolysis reaction, however,
is not expected to be significant, as the decay of MBO after
6 h was less than 2 ppb h-1. Under low-NOx conditions, ozone
formation was negligible.
The average yields of glycolaldehyde, HMPR, and dihy-
droxynitrate under high-NOx conditions determined from
this study are in agreement with the literature (12-15). In
Figure 4, the yields of glycolaldehyde and HMPR from
different studies are shown as a function of the ratio of
hydrocarbon to “total” NO (RONO + NO, R ) H in our case),
which determines the relative rate of RO2 + RO2 to that of
RO2 + NO. Although the data are somewhat scattered, there
appears to be a downward trend of glycolaldehyde and
HMPR yields with increasing MBO/NO ratio. At high MBO/
NO ratios, the self-reaction of RO2 radicals can still form RO
(which decomposes to form glycolaldehyde or HMPR), but
a larger fraction of RO2 forms the C5-triol and C5-dihydroxy-
carbonyl. As the MBO/NO ratio increases, RO2+RO2 becomes
increasingly important, favoring cross reactions to form C5-
triol and C5-hydroxycarbonyl over formation of glycolalde-
hyde and HMPR. The glycolaldehyde and HMPR yields are
considerably lower under low-NOx conditions (0.29 and 0.12,
respectively) than under high-NOx conditions (0.66 and 0.36,
respectively). Fantechi et al. (11) also observed a glycolal-
dehyde yield of 0.28 under NOx-free conditions, but Carrasco
et al. (15) reported a much higher yield of 0.79. The decreasing
trend of glycolaldehyde yield with decreasing NOx concen-
trations suggests a lower yield of glycolaldehyde under low-
NOx conditions is more likely.
The average glyoxal yield from glycolaldehyde obtained
is 0.34 and is higher under high-NOx conditions. Since there
is no peroxy radical intermediate in the formation of glyoxal
TABLE 2. Experimental Results
NOx rglyc rHMPR rnitrate rtriol rgly ∆Vorg(µm3 cm-3)a ∆Morg(µg m-3)b aerosol mass yield
3 high 0.64 ( 0.02 0.35 ( 0.07 0.10 ( 0.04 0 0.42 0 0
4 high 0.70 ( 0.02 0.41 ( 0.08 0.11 ( 0.04 0 0.33 <0.5 <0.1 <0.001
5 high 0.65 ( 0.02 0.34 ( 0.07 0.08 ( 0.04 0 0.37 <0.5 0.4 <0.001
6 low 0.26 ( 0.05 0.12 ( 0.02 0 0.12 ( 0.04 0.26 1.5 ( 1.0 0.6 0.0014
7 low 0.32 ( 0.06c n/ac n/ac n/ac n/ac 1.0 ( 1.0 0.9 0.001
a As measured by DMA at the peak of organic growth. b As measured by AMS at the peak of organic growth. c CIMS
measurements not available; Rglyc estimated from glyoxal and MBO measurements, assuming a value of 0.26 for Rgly.
FIGURE 2. AMS organic/sulfate ratio and DMA aerosol volume
concentration in Experiment 6. The volume concentration has
been corrected for particle wall loss.
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from glycolaldehyde, the branching ratio of the glyoxal-
forming channel (and hence product yield of glyoxal) should
not depend on NOx conditions. However, the yields obtained
here span a wide range of values, from 0.26 to 0.42. The
glyoxal yield is higher than those obtained previously (18, 19).
It is unclear if the loss processes (photolysis and OH reaction)
of glyoxal were taken into account. Ignoring these processes,
the glyoxal yield from the present study would be 0.20, which
agrees with the value obtained by Magneron et al. (18).
SOA Formation: High NOx. Relatively low SOA yields
(<0.2%) from MBO photooxidation under both high- and
low-NOx conditions were observed in this study. By com-
parison, the SOA yield of isoprene photooxidation is 0.2-3%
under high-NOx conditions (38) and 1-5% under low-NOx
conditions (39). Under high-NOx conditions, the major
channel that leads to isoprene SOA formation is further
oxidation of methacrolein to 2-methylglyceric acid, which
can oligomerize (26, 28). The second oxidation step of MBO,
which has only one double bond, is quite different from that
of isoprene. Oxidation of HMPR, the analog of methacrolein
in the MBO system, occurs via OH abstraction of the aldehydic
hydrogen atom, producing stable volatile compounds,
including acetone and formaldehyde (40).
It has been shown that glyoxal can serve as a monomer
unit for higher-MW species, which have sufficiently low
volatility to remain in the aerosol phase (20, 41, 42). In
Experiment 5, the chamber RH and seed aerosol were at
levels sufficient for glyoxal hydration (21, 41), and 0.4 µg m-3
of organic growth was observed by the AMS. Previous
experiments have suggested that in the absence of irradiation,
glyoxal uptake is likely reversible, with an effective Henry‘s
Law constant of 2.6 × 107 M atm-1 (21). Assuming an average
gas-phase glyoxal concentration of 25 ppb and seed aerosol
volume concentration of 68 µm3 cm-3 in Experiment 5, this
corresponds to an organic growth of 0.4 µg m-3. While the
amount of observed organic growth is consistent with
calculated uptake, the AMS mass spectra do not show peaks
representative of glyoxal oligomers:m/z 77, 88, 105, 117, and
135 (see Figure 5) (42). Instead, the spectra are consistent
with those observed in the blank experiment, in which the
FIGURE 3. Mechanism of MBO photooxidation (11-15). Structural isomers not shown.
FIGURE 4. Yields of glycolaldehyde and HMPR from MBO
photooxidation under high-NOx conditions (12-15).
FIGURE 5. AMS spectra obtained in Experiments 5 and 6,
compared to the spectrum obtained in the blank experiment.
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chambers were irradiated under similar conditions (seed,
NOx, humidity) in the absence of MBO. In the blank
experiment, since MBO was not introduced, the organic
growth likely resulted from background contamination in
the chambers. The concentrations of MBO in this work were
chosen to match those in previous experiments of isoprene
photooxidation, but as a result the gas-phase glyoxal
concentration observed in Experiment 5 (<30 ppb) was lower
than those studies in which significant glyoxal uptake was
observed (21, 43), and the small amount of SOA formed was
indistinguishable from that of the background in the
chamber. In Kroll et al. (21), at a glyoxal concentration of 25
ppb and ammonium sulfate seed volume concentration of
78 µm3 cm-3, aerosol growth was below detection limit.
SOA Formation: Low NOx. Under low-NOx conditions,
the aerosol mass yields were on the order of 0.1%. No glyoxal
uptake was expected due to the low RH in these experiments.
The AMS spectrum obtained during the peak of organic
growth is shown in Figure 5. The relatively strong signals at
m/z 43 (C2H3O+) and 59 (C3H7O+) and weak signal at m/z 44
(CO2+) suggest that the condensed-phase organics are only
partially oxidized. The identities of these fragments are
confirmed by the exact mass under high-resolution mass
spectrometry, and are clearly not related to glyoxal or its
oligomers. The amount of SOA reaches a maximum and
decreases, and the decrease in organic mass is more rapid
than that in sulfate mass. The loss in organic mass does not
correlate in time with the 5 °C temperature rise owing to
blacklight irradiation, ruling out temperature effects. Similar
photochemical loss has been observed in SOA from low-NOx
photooxidation of isoprene (39), and was attributed to
reactions of condensed-phase organic peroxides, leading to
formation of higher volatility products (26, 39). The similarity
in the trend of MBO low-NOx aerosol growth suggests that
the loss mechanisms are likely similar.
Under low-NOx conditions, formation of C5-tetrols has
been proposed to be the major pathway leading to isoprene
SOA formation (26-29), with a maximum aerosol yield (at
peak growth) of 2-10% (39). In the MBO system, C5-triol is
formed from the RO2-RO2 reactions as a first-generation
product, with an observed gas-phase molar yield of 0.12.
With only 3 hydroxyl groups, the C5-triol formed from MBO
photooxidation is more volatile than the C5-tetrol from
isoprene photooxidation by a factor of ∼170 (44), which is
consistent with the difference in aerosol yields between the
two systems. Despite its structural similarity to isoprene,
photooxidation of MBO is therefore not expected to make
a significant contribution to ambient SOA formation, even
in areas where MBO emissions are dominant.
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